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THE APPLICATION OF STABLE ISOTOPE STUDIES
TO KARST RESEARCH:!. DISCUSSION
BY ALAN D. HOWARD' & BARBARAY

HOWARD"

, Harmon (1971a; b) has suggested that the measurement of stable carbon isotope
ratios of dissolved carbonates in karst groundwaters may help to determine the sources of
dissolved ions and the history of the groundwater. We feel, however, that Harmon places
'insufficient emphasis upon the complexi?,; of the natural processes affecting the 13 C: J 2 C
ratio (which is generally expressed as [j I C permil, or 0/0.0; see HARMON J 971 a, b). OUf
discussion centers upon these complicating factors as well as some 'minor corrections to
Harmon's papers.
J

Corrections
Several equations in the first paper by Harmon (197la) appear to be incorrect.
Equations 12-14 require l11ultiflication of the term on the right-hand side containing the
temperature by a factor of1 0 to give values corresponding to his Figure 3 and Tables 811. Harmon's Equation 25 should read:
813C;Eo

;=:::; 013CC02(g)

+ (K~*

Kj* - 1) 103,

Similarly, Ius Equation 24 should be corrected by replacing each of the fractionation
factors Kr by (Kt-I] 103. When so corrected, these equations (derived from the definition of.8PC and Harmon's Equations 15-18) give the values of l}/,3C enrichment and
, depletion for HCD:'!~quoted by Harmon (1971 a: 26), using the K,!, values in his Table 12.
Sources of carbon dioxide species in groundwater
Harmon (1971a: 21) states that his Equations 5-7 imply that solution of limestone
by carbonated water results in a quantity of dissolved carbonate species at-equilibrium
contributed equally by a gas phase (the atmosphere or soil gasses) and by a solid carbonate
.source (limestone or dolomite). Pearson and Hanshaw (1970) make a similar assumption
in a study. of groundwater in a Florida limestone aquifer. In fact, the situation is hot so
simple; a unique value of the ratio of the arnount'of carbona te species in solution (H2 C03,
HC03 - , and C03--') from gas and solid phase sources, respectively, is defined only in the
. case of closed-system equilibrium; that is, where the groundwater dissolving the limestone
is not in contact with the gas phase with which it previously equilibrated (Case 5 of
·GARRELS &CHRlST (1965): 86-88).
.
In closed-system equilibrium, the total quantity of dissolved carbon' dioxide species
derived from the gas phase, mco2g, equaJs the sum of the molalities of the species con-taining carbon dioxide resulting from equilibration between the groundwater and the gas
phase before its contact with limestone:
.
mc02g

"'" mH2c03

+JT1HC03-

+ "tco

(1)

;

This quantity is plotted. in Figure I as a function of the partial pressure of the carbon dioxide, in the gaseous reservoir. The equilibrium constants quoted in Howard (I 966)
were used in aJl calculations. When the groundwater is closed to .the atmosphere and
brought ill" contact with limestone, additional carbon dioxide species are added to the
groundwater due to solution of calcite, The quantity of these species attributable to
solution of calcite, 111C02S, equals the molality 'of the calcium ion:
mcozs
t Artlc!e bv Russell S. Harmon.appeared
4 (p, 29-35),
"Department
**Department
22901

{2)

"'.mCa++

in Caves and Karst, Volume ,13, Numbers 3 (P'. 17·-28} and

of Env'iron~ental Sciences, University of Virginia, Charlottesville,
of Radiology (Nuclear Medicine}'-University

of Virginia

VA 22903

Hospital, Charlottesville, VA
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The equilibrium value of this quantity is plotted in Figure 1. Therefore, in closed-system
equilibrium, the percentage of carbon dioxide species attributable to solution of lime"
stone will be given by (Figure 1):
100 ffiC02S
(31
%C02S~~--~~~-ffic02g + ffiC02S
Little dissolved carbon dioxide is added to solution during equilibrium with very
low partial pressures of gaseous carbon dioxide, so that subsequent equilibration with
limestone results in concentrations of calcium ion nearly equal to equilibration in pure
water, giving a value of %C02 s near 100. However, this quantity is within the range of
40-60 for nearly 2 decades of carbon dioxide partial pressure. This range encompasses the
partial pressures in soil gases, but the atmospheric partial pressure of carbon dioxide
(about 10-3.5 atmospheres, according to GARRELS & CHRIST (1965): 82) faJls in the
range where %C02 s is over 70. Thus the percentage of carbon dioxide species contributed
by dissolution of limestone will vary with the initial partial pressure of carbon dioxide in
the gas phase.
The value of 8J3Cm resulting from closed-system equilibrium between a groundwater (OI3Cl) which had equilibrated with a gas phase carbon dioxide reservoir (613Cg)
and a limestone with ol3Cs would be:
&"C

m

= &13C + %CO,s (&13C - a"C

1100

s

)
1·

(41

Thus the carbon isotope ratio in ground waters derived from closed-system equilibrium
will depend not only upon the isotope ratios of the inflowing surface waters and of the
limestone, but also upon the partial pressure of carbon dioxide in the gas reservoir for ..
merly in contact with the recharge water.
The situation is even more complex in the case where limestone dissolution or
precipitation occurs in contact with a gas phase; for example, in surface streams flowing
on limestone, in cave passages with a free-water surface, and at the limestone-soil contact.
The open-system equilibrium relationships (Case 2 of GARRELS & CHRIST (1965): 81·
83) imply definite values of the concentrations of the various dissolved species, but they
imply nothing about the sources of these species; hence the &13C value in the solution is
indeterminate. The reason for this is the continuous exchange of carbon dioxide between
the groundwater and the gas phase. The carbon isotope ratio in the groundwater will
depend upon several factors, including the relative sizes of the gas and liquid reservoirs,
the rapidity of exchange of species between the water and the gas phase (a function of
the area of the interface and the degree of turbulent mixing), the length of time during
which the two phases are in contact, and finally, upon the carbon isotope ratios in the
gas phase and the limestone. If the period of free interchange of carbon dioxide is long
and if the atmospheric reservoir is large, the carbon isotope ratio in the groundwater will
approach isotopic equilibrium with the gas phase irrespective of the carbon isotope ratio
of the limestone.
Interpretation of carbon isotope ratios is even more difficult if the possibility
exists that the groundwater is undersaturated with respect to limestone. The effect of
undersaturation is to reduce the percentage of limestone-derived carbonate components
in the water, and thus to produce carbon isotope ratios close to that of the soil water or
rainwater, depending upon the principal source. Pearson and Hanshaw (1970) correct for
this effect by determining the degree of saturation (or supersaturation) of the groundwater. Kinetic fractionation effects (HENDY, 1971) may also be important in highly
undersaturated water.
Isotopic equilibria
Harmon (1971a: 25-26) discusses expected carbon isotope ratios in karstic groundwater under various conditions of equilibrium. His Equations 24 and 25, corrected above,
can be made more general by taking into account fractionation effects of all dissolved
carbon dioxide species. If the carbon isotope ratio for a groundwater solution (813 CI) is
controlled by equilibration with a gaseous carbon dioxide reservoir (o13Cg), then, to
10
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one-tenth
12):

penni! accuracy using the K* values for 20°C quoted in Harmon (197 I a; Table
ifil

where Xl , X2, and X3 are the relative proportions of the total dissolved carbon dioxide
species composed of H2 C03, HC03 - , and C03 -- , respectively. Slightly different enrichmentfactora
are quoted by Hendy (1971, Table 2) based on other fractionation data.
Similarly, if the equilibrium isotopic ratios are controlled by equilibration with calcite,

then;

(6)
In closed-system equilibrium the value of 0 13C I to be entered into Equation 4 will
depend upon the partial pressure of the carbon dioxide prevailing during the equ.ilibration
with the gas phase. The value of the permil correction (right-hand term in Equation 5) is
plotted in Figure 2 as a function of the carbon dioxide partial pressure. During the subsequent closed-system dissolution of limestone, the isotopic composition of the carbonate species added to the groundwater from the limestone will equal the bulk isotopic
composition of the calcite (513Cs) as indicated in Equation 4, because fractionation cannot occur when the calcite is completely dissolved. Continuing dissolution of limestone
in karst groundwater circulation must add. 13C and 12 C in proportion to their occurrence
in the limestone,
In, the open-system dissolution the isotopic ratios will be difficult to predict due to
the many factors influencing the sources of the carbon dioxide species, as discussed above.
Inthe limit where the carbon dioxide species have free exchange with a large atmospheric
reservoir, the carbon dioxide species derive solely from the gas phase, and Equation 5 will
be appropriate. Figure 2 shows the permil correction for 813 Cg for various partial pres.
sures of carbon dioxide in open system equilibrium.
Equation 6 will seldom be appropriate for determining the carbon isotope ratio in
groundwater which is either undersaturated or at equilibrium with limestone with a bulk
isotopic ratio of 813Cs_ As pointed out above, actively dissolving limestone adds J3C
and 12C without fractionation. At equilibrium Equation 6 will hold between the solution and a monomolecular layer on the limestone, and the value of 813C[ will control
the 813 Cs value of this thin layer. Only if recrystallization Occurs within the limestone
will fractionization with respect to the bulk isotopic ratio of the limestone control the
carbon isotope ratio of the groundwater. Such reactions are very slow and are not likely
to be important in near-surface hydrology.
However, Equation 6 will be appropriate under conditions where the groundwater
becomes supersaturated by loss of carbon dioxide or evaporation of water and deposits
calcite as flowstone, tufa, etc. These deposits should be in isotopic equilibrium with the
groundwater responsible if carbon dioxide loss is slow (HENDY, 1971), and, as Hannon
(1971a: 26-27) and Hendy (1971) suggest, such deposits may afford a clue to past variations of carbon isotope ratios in the circulating groundwater. The value of the permil
correction for limestone deposited in equilibrium with respect to groundwater is plotted
in Figure 2 as a function of the partial pressure of carbon dioxide for the groundwater.
Discussion
Hannon (1971b) has measured carbon isotope ratios of samples of groundwater,
spring water, and surface water in a drainage basin underlain largely by carbonate rocks,
and he uses these measurements to make conclusions about the rapidity of groundwater
flow underground and the type of recharge into the karst aquifer (direct or diffuse in.
flow). However, inview of all of the factors discussed above, a given carbon isotope ratio
measured in groundwater or surface water in a.karst area may not afford a unique indication of the chemical and hydrologic history of the water; the same carbon isotope ratio
may possibly arise from various combinations of source of gaseous carbon dioxide (e.g.,
.the atmosphere with 813C near -7'100 (HARMON, 1971a: 18) or soil air with 813C of
about -,22 "too (HARMON, 1971 a: 18»), saturation versus undersaturation, and type of
equilibrium (open-system, closed-system, or some more complicated history). In addition,
the quantity, isotopic ratios, and sources of dissolved carbon dioxide species are affected
12
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by temperature differences within the groundwater flow system as well as by biologic
activity within the water.
The potential usefulness of carbon isotope ratios as indicators of the sources and
chemical evolution of karstic ground- and surface-waters can best be determined with.
in the context of an extensive monitoring of a karstwater system, where the role of the
many factors influencing the chemical evolution of a natural water system can be empiricaJJy determined. In addition to monitoring carbon isotope ratiosin rainfall, soil water,
groundwater, and surface water over a period of a year or more, supplemental information
should be obtained DlJ. water temperature, chemical composit.ion of the water, flow patterns, flow rates, flow volumes, nature of underground openings, and chemical and isotopic composition of the rocks involved. Under such a sampling plan it should be possible
to assess to what degree the measurement of carbon isotope ratios can substitute for the
difficult and expensive determination of the underground flow regime and the sources
and chemical evolution of the groundwater. Although Hannon (1971 b) has measured
carbon isotope ratios on amoderate number of samples from springs, wells, and surface
streams, little supplemental information is provided of the types mentioned above. Because of the many factors influencing the carbon isotope ratio in water, a more intensive
study will be necessary before its measurement can be recommended in routine karstwater
analysis. However, Harmon has performed a'valuable service in calling to the attention-of
researchers in karst hydrology a potentially valuable tool.
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THE APPLICATION OF STABLE CARBON ISOTOPE STUDlES
TO KARST RE.SEARCH: REPLY
By RUSSELL S. HARMON*
From the discussion by Howard & Howard (1972) of rriy two papers treating the
potential of stable isotope studies to karst research, it appears that additional clarification
is necessary. They have called attention to one major error of omission' in the stating of
the fractionation equilibrium equations; but their discussion and calculation of isotopic
effects for different solution models is strictly an academic exercise, having been done
three years earlier in much greater depth and detail by. Hendy·(l,969).
Corrections
.
.
Howard & Howard (I97'2) have -indicated that "several equations in the first paper
by Harmon (l971a) appear incorrect." They have correctly pointed out the omission of a
multiplication factor of 106. necessary for the correct expression of the fractionation
equilibrium expressions in Equations 12·14. The equations should read: "

"Department

1000 In Ko = 0.912 + 0.0063 (lIT') xl0'
1000 In K, = 4.537 + 1.0985 (lIT') xl0'

OK

1000 In K3 = 3.628 + 1.1941 (lIT') xl0'

OK

of Geology.

McMaster

University,

Hamilton,

Ontario.

OK
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The correction recommended for Equation 25 is unnecessary, and the expression is
rect as stated.

I

I

COT·

Carbonate solution models
There exist sets of conditions by which carbonate rock can be dissolved by a 501u
tion of carbon dioxide and water. The "open system" case arises where limestone solution
occurs in the presence of an excess of C02 (Case 2 of GARRELS & CHRIST (1965)).
The "closed system" case occurs when limestone is dissolved in a water initially equilibrated with, but subsequently removed from, a C02 reservoir (Case 5 of GARRELS &
CHRIST (1965)). These two situations represent end-member cases and most natural
systems are most likely varying degrees of combination of these two extreme cases.
In the closed system, a quantity of water is allowed to equilibrate with a reservoir
of defined C02 pressure; in most cases the soil zone, but equilibration with the atmosphere is also possible. The water is then isolated from the reservoir so that exchange of
CO2 between the solution and the reservoir is impossible. In most natural cases this represents the movement of downward percolating water from the soil into the carbonate rock
along small joints and cracks. Only in the case where large fractures or fissures exist is the
possibility of C02 exchange (replenishment) at great depths realistic. This is especially
true in areas where soil profiles are thick and extend below the level of active plant inhabitance, since C02 in the soil is primarily a result of biogenic processes, such as plant
respiration and the decay of organic material. Once out of contact with the C02 reservoir,
the water begins to dissolve carbonate rock until equilibrium is reached or the process is
interrupted by the water entering a cave or returning to the surface at a spring. The
chemistry of carbonate solution under closed system conditions has been thoroughly'
described by Garrels & Christ (1965), Thrailkill (1968), and Langmuir (1971); and duplicated by Howard & Howard (1972). The nature of the solution reaction in the closed
system is such that the total amount of dissolved carbon in solution as H2COg, HC03-,
and C032- is dependent on two factors; the initial CO2 pressure of the reservoir with
which the solution was equilibrated, and the temperature at which the solution of the
carbonate occurs. The isotopic composition of the total solution, :2;813C, is, in addition,
also a function of the isotopic compositions of the CO2 reservoir and the limestone. The
concentrations of dissolved carbon species can thus be calculated for any set of P CO~ and
temperature conditions. Using the calculated concentrations, the 13 C/12 C ratio for the
total solution can be determined. These calculations have been made for C02 pressures
from 10-4 to 10-1 atm. and temperatures from 0-25°C by Hendy (1969) using an iterative method. The resultant 813C values are listed in Table 1 for various C02 pressures at
12°C.
It will be recalled from my first paper (HARMON, 1971 a) that an example of such
a calculation was made for closed system conditions at a pH of 7.5 and a temperature of
10°C. The resultant 8 J 3C value compares favorably with that obtained by Hendy at 12 C.
In their calculation, Howard & Howard (1972) account only for the temperature
effect at 20°C and thus their "general" expressions for the calculations of 813C for solution under closed system conditions are meaningless for most real situations where water
temperatures may range from 1O-25°C.
Isotopic compositions in the "open system" case were declared by Howard &
Howard (1972) to be "difficult to predict due to the many factors influencing source of
carbon dioxide species." This statement indicates a definite lack of understanding of the
problem as a whole.
Under open system conditions, carbonate solution occurs in the presence of an excess of CO2 provided from an infinite reservoir, thus making the problem much simpler,
not more complex as Howard & Howard (1972) have stated. Thus because the amount of
~02 in the reser~ojr is. assumed to be in excess and exchangeab/~, the isotopic composihan of th~ sol~tton, Will closely approach that of the reservoir, taking into account necess~ry fractt~~atl?~ effe.cts, ~d .will be u~affected by the isotopic composition of the
limestone.
CI C ratios are still a function of CO2 pressure of the reservoir and temperature of the water, and can be calculated directly from the expression
Q
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Figure 1. Comparison of the progres~ive charlgc, in various parameters with residence
time {measured in terms ot SIc) in the karst drainage oasto. The data points represent
the mean value lor each of the water tvpes sampled

where 813Cx is the isotopic composition of an individual carbon species in solution and
Ex is the appropriate fractionation
factor as calculated in HARMON (t971a). The total
isotopic composition of the solution can be determined from Equation 23 of HARMON
(1971a). Hendy has calculated 513C values for carbonate solutions under open system
conditions for various C02 pressures and temperatures. These values are listed in Table 1
for 12°C. Again it is seen that the example calculated in my 1971a paper for a pH of 7.5
and a temperature of 10°C agree well with Hendy's value at 12°C.
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Peo in the soil
atmosyhere i % atrn]
5.16

s.os
3.21

1.H
2.0.1
I ,2~
O'H

o.er

0.34
0.11

li 13 C (open system)
·_173
-17.2
-16.H
-16.6
-II,J
- 16.1

"'00

1l13C (closed

-12.0

-[5,(,

--11.7
· · [1.6
- \1.5
- 11.5

. 15.3

-1104

-te.o

··15,'!

system) 'to<>

-13,1
-13.0
-12.4
_12.1

Table 1. Equihbrlum /iIlCT as a fuoctio n 01 PClJ' for the solution
01 limestone
(1iIJC~-l;l~,,,1 in the presence and absence of a !las phase at 10°C [fr-om HENDY, 1969l.

Applied study
The discussion of my 1971 b paper by Howard & Howard questioned the, validity of
interpretation of the data due to what they imply are complications in the solution
models. It has just been shown that models are well understood and that isotopic ccmpositions can be predicted for both the open system and closed system cases. It should also
be pointed out that under no conditions do the predicted values for the two cases overlap.
Open system values are always less than closed system values by about 4~oo'The fact that
Howard & Howard were not aware that their difficulty in predicting isotopic compost·tions in the open system had been solved by Hendy (1969), and that the necessary
chemical data for the waters sampled was available (HARMON E1 AL., in preparation)
reduces the necessity for questioning the results; however, certain additional clarifications
are felt to be necessary at this time.
That the degree of saturation of a water is a direct measure of its age within a karst
drainage basin has been clearly illustrated by Jacobson & Langmuir (1970). Additionally,
Harmon and others (in press) have pointed out-that the water-type classifications used in
my paper (Harmon, 1971 b) represent statistically different sample populations. Figure 1
shows the changes in chemical and isotopic character of the water types as a function of
age within the basin(Sid. That the 513C values increase linearly with age, is evident; thus
indicating that 813C, as previously stated in my 1971 b paper, is alsoa good measure of
the age of a water within the basin.
The other important point stressed in that paper was that ground waters within the
drainage basin had equilibrated primarily under closed system conditions. The mean 813C
value of the 21 diffuse spring and well waters sampled was - ~2.51 <Joo• These waters are
all near saturation with respect to calcite and thus should be in isotopic equilibrium. The
average PC02 of these waters was 10-2.12 atm. Comparison of this value with that interpolated from the calculations of Hendy (1969) listed in Table' 1, reinforce my earlier
conclusion that ground waters in the Nittany Valley of central Pennsylvania have evolved
primarily under dosed system conditions.
.
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